Abstract. The precipitation behavior in an Al-Cu alloy isothermally annealed at 373K～493K was studied, using the Vickers microhardness tests, Differential scanning calorimetry(DSC) and Transmission electron microscope(TEM) observations. An additional endothermic peak was found in DSC measurements which may be attributed to the θ″-phase independent from the formations of the G.P.(Ⅱ) and the θ′-phase at the aging temperatures. High resolution transmission electron microscopy (HRTEM) revealed that the G.P.(Ⅰ) is formed at a very early stage of isothermal aging at 463K. Comparing the Vickers microhardness and TEM images, it was concluded that G.P.(Ⅱ) is mainly responsible for the peak hardness.
Introduction
It is well known that Al-Cu alloy is one of the most important precipitation-hardening Al-base alloys. A large number of studies have been devoted to clarifying the precipitation behavior in the Al-Cu alloy, and precipitation is conventionally recognized to take place in the following sequence: supersaturated solid solution (ssss)→G.P.(I)→G.P.(II) (orθ″)→θ′→stable θ [1] [2] [3] [4] . However, the details of the sequence have not been fully clarified yet and the items have still left ambiguous, such as, (1) how the metastable phases take over the structure and composition of the phase, which is previously formed in the sequence from the solute cluster G.P.(I) to the stable θ phase, (2) whether the G.P.(I) appear or not, during annealing at the high-temperature aging and (3) how the metastable phase particles contribute to the real strengthening of precipitation hardening [3] [4] [5] [6] [7] [8] [9] .
In this work, the relationship between the hardness and precipitation sequence of Al-Cu alloy have been investigated by means of differential scanning calorimetry (DSC), TEM observations and Vickers hardness tests.
Experimental Procedure
The compositions of the Al-Cu alloy specimens used in this work are listed in Table 1 . All specimens were solution-treated at 823K(550℃) for 3600s and subsequently quenched in ice water. Then they were isothermally aged at 373K ～ 493K in an oil-bath. The Vickers microhardness tests were conducted using a Shimadzu HMV-2000 tester with a load of 0.98N. A Rigaku TAS300-8230D instrument was used for the DSC measurements with a heating rate of 1.67×10 -1 K/s. Bright-field and high-resolution TEM observations were carried out using a Hitachi H-800 microscope at 175kV and a Topcon EM-002B microscope at 180kV accelerating voltage, respectively. In both TEM observations, the micrographs were taken along the crystallographic <001> orientation in the Al matrices. Figure 1 shows the Vickers hardness (Hv) curves of the Al-Cu alloy which was isothermally annealed at 403K. The Vickers hardness curves are arranged with the order of copper concentration and they are classified into three groups. The Vickers hardness for specimen C is almost constant until the last stage. The Hv curves for specimen E is proportionally increased with artificial aging. The hardness curves of high concentration specimens (specimen J, H and G) have a similar tendency. The curves increased from the early stage of the annealing and then reached a plateau. After passing the plateau, the curves of three specimens were increased again until they reached a peak after the annealing for 3.0×10 6 s. After the heat treatment for 3.0×10 6 s, the curves were slowly decreased.
Results and Discussion

The isothermal aging at low-temperatures
The DSC measurement provides information on the systematic thermal stability of the stable/metastable phases appearing in the Al-Cu alloy. Six endothermic peaks are obtained by DSC measurements. A part of endothermic DSC curves for an Al-1.94at%Cu specimen aged at 403K are shown in Fig. 2 . We attribute the second endothermic peak-b to the G.P.(Ⅰ) and the third peak-c to the G.P.(Ⅱ) with HRTEM images for specimen H in the present work and in several previous investigations [10] [11] [12] [13] . The first endothermic peak-a and the forth peak-d, however, are not explained by the conventional interpretation established in previous research. The reason that precipitate of the peak-d was not explicitly recognized is probably due to the fact that two precipitates causing the peak-c and peak-d are simultaneously observed in X-ray diffraction experiments and TEM observations, etc at the peak condition. Unlike previous interpretation, we named the first peak-a, "Quenched cluster" and the new forth peak-d, " θ ″ -phase", which is independent from the GP(II). A modified interpretation to the precipitation sequence is established as supersaturated solid solution (ssss)→Quenched Cluster→G.P.(I)→G.P.(II) → θ″→θ′→ stable θ, using a new terminology. Figure 3 shows high resolution TEM images of the G.P.(I), the G.P.(Ⅱ) and the θ″, respectively. Figure 3(b) shows high resolution TEM image of the precipitate appearing at peak hardness, which has the structure of two copper-rich layers separated by three aluminum layers. The θ″-phase precipitate comprises multiple copper layers as shown in Fig3(c), though the internal structure of atomic arrangement is similar to the G.P.(II). Taking the Vickers hardness curves and the DSC curves into account, the first stage of the increase in Hv was due to the formation of the G.P.(Ⅰ). The plateau of the hardness curve appeared during the growth of the G.P. (Ⅰ) . The formation of G.P.(Ⅱ) resulted in the second stage in which the Hv increases. After annealing for 3.0 ×10 6 s, the peak hardness was attained, in which condition the G.P.(Ⅱ) was formed. After the peak hardness, the hardness decrease is due to the appearance of theθ″precipitate. It is concluded that the G.P.(Ⅱ) precipitate is mainly responsible for the peak hardness. Figure 4 shows the Vickers hardness curves of the Al-Cu alloy, which is isothermally annealed at 463K. The hardness curves of C, E, G, H and J were arranged from bottom to top, corresponding to copper concentration. The Vickers hardness curves for specimens C and E are kept at the lowest level until the late stage of the annealing and rise up slightly after 3.0×10 5 s. The hardness curves for specimens H and J have a similar tendency. That is, the hardness curves is increased, it maintained a plateau appearing at 10 4 s. Decreasing a little, it formed the other plateau for a short time and rapidly decreased. Annealing at 463K the precipitation hardening was observed in an Al-Cu alloy containing more than 1.2at%Cu, while the limit of the concentration was ~0.56at%Cu at 403K. Figure 5 shows a part of DSC curves of an Al-1.94at%Cu specimen isothermally aged at 463K. We obtained endothermic peaks of the G.P.(Ⅰ), G.P.(Ⅱ) andθ″, similar to the DSC measurements for the Al-Cu specimens aged at 403K. But the first peak of the quenched cluster was not explicitly seen, probably due to high transition rate. Figure 6 shows a HRTEM image of specimen H aged at 463K for 600s. A typical single-layer platelet corresponding to a Cu-rich plane was mainly observed. The HRTEM observation and DSC measurement revealed that the G.P.(Ⅰ) is formed at a very early stage of isothermal aging even at 463K. Comparing the present DSC results with the hardness curves shown in Fig.4 , we confirmed that the peak hardness with a plateau appeared at the transition period that the G.P.(Ⅱ) was transformed into the θ″phase in the specimens H and J. Both the G.P.(II) andθ″precipitates are simultaneously observed in the HRTEM images. Although this result is different from the conventional interpretation that the peak hardness was attained from the G.P.(Ⅱ) and θ′phases, it is acceptable if the so-called "multi-layer" G.P.(II) is recognized as a metastable phaseθ″. Thus, taking the results obtained by the present Hv tests, DSC measurements and TEM, we concluded that the peak hardness is mainly due to the G.P.(Ⅱ).
The isothermal aging at high temperatures
Summary
The present work investigated the sequence of precipitation in an Al-Cu alloy using the Vickers microhardness tests, TEM observations and DSC measurement. The following conclusions were obtained. The G.P.(Ⅰ) is formed at a very early stage of isothermal aging at 463K. An additional endothermic peak was found in DSC measurements which may be attributed to the θ″-phase independent from the formations of the G.P.(Ⅱ) and the θ′-phase at aging temperatures. We suggest that the precipitation sequence in Al-Cu alloy is likely to be as following: supersaturated solid solution →Quenched Cluster→G.P.(Ⅰ) → G.P.(Ⅱ) → θ″→ θ′→ θ, using a new terminology to the θ″phase. Comparing the Vickers microhardness and TEM images, it was concluded that G.P.(Ⅱ) is mainly responsible for the peak hardness. 
